Introduction
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Proteins balance optimal functionality with mutational tolerance in order to adapt to changes in selection 4Substitutions to the Rev turn produce different effects on RNA export and viral replication 2 3 8
Rev contains an 8-residue proline rich turn which separates the first two helices and spans the exon 2 3 9 junction in the viral genome ( Figure 1A , C). Recent structural studies implicate the turn residues as part 2 4 0 of an additional Rev-Rev interaction surface where residues W45, P28, P29 and P31 "hook" with the 2 4 1 same residues on an adjacent Rev molecule. This interface has been proposed to act as a molecular 2 4 2 bridge between independent oligomerization events along the RRE [24, 25] . Most residues in the turn do 2 4 3 not have strong preferences in the CDMS study ( Figure 1B ) [9] , consistent with our understanding of the 2 4 4 region as a simple linker. However, residue 28 demonstrated a strong preference for an aromatic side chain (W,F,Y) rather than the reference NL4-3 proline (P) ( Figure S3 ). Interestingly, the most common 2 4 6 allele in patient sequences is Y28, although P28 is also substantially represented and is found in many 2 4 7 lab-adapted HIV-1 strains [36] . It is possible that a P28Y substitution could provide stacking interactions between the proline and tyrosine variants ( Figure S3 ). Even an alanine substitution at position 28 is only in which Y28 confers a fitness advantage in competition experiments and in patients still unclear. Nevertheless, given that the turn appeared mutationally plastic in our CDMS studies and since it also 2 5 3 determines the relative orientation of the first two helices, we examined its mutational limits with respect to side chain preference, length and structure. To this end, we created a set of mutations that replaced the turn residues (26-33) with either all alanines 2 5 6 (turn-8A, designed to promote helical propensity [37] ) or glycines and serines (turn-8GS, designed to 2 5 7 allow greater flexibility), and monitored the effects on Rev function in both reporter and replication 2 5 8 assays. Surprisingly, we found that both variants yielded significant levels of export in the reporter assay 2 5 9 ( Figure 6A ) although neither was as active as wild-type Rev. However, shortening the length of the 2 6 0 substitutions reduced export activity indicating that the turn must be of sufficient length to connect the 2 6 1 two helices and produce functional Rev. previous observation that Rev is functional at even low concentrations, we repeated the reporter assay with 10-fold less Rev plasmid (2.5 ng versus 25 ng) to determine if less Rev expression might recapitulate 2 6 6 the replication results. Indeed, the export activity of the turn-8A mutant dropped significantly at low Rev 2 6 7 expression levels ( Figure 6C ), indicating that it is defective and probably structurally unstable due to the 2 6 8 replacement of a turn with a helical region. These results are consistent with previous reporter assays showing loss of function when 27PPP29 was mutated to alanines [38] . However, the turn-8GS mutant Rev being 2-fold more active at the lower plasmid level ( Figure S2 ). This indicates that the turn need only 2 7 2 provide flexibility between Rev helices in order for proper export. However, the turn-8GS mutant being 2 7 3 export competent but defective in viral replication suggests that the turn may influence Rev function in 2 7 4 alternate pathways beyond nuclear export.
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The Rev OD-NES Linker (ONL) becomes structured
An ~11 residue linker region (ONL) connects the second helix of Rev and the NES and is disordered in most Rev crystal structures [11, 24] . CDMS data suggests that the residues in this region can sample 2 7 8 many amino acids with no clear preference for chemical property ( Figure 1C ). In order to probe the 2 7 9 requirements of length and structure for this region, we applied a strategy similar to that used to probe the 2 8 0 turn. We replaced residues 62-72 of the ONL with either 11 alanines (ONL-11A, to mimic a rigid, 2 8 1 structured linker) or 11 glycine-serines (ONL-11GS, to mimic a flexible disordered linker) and tested the 2 8 2 effect of these substitutions in reporter and replication assays. ONL-11A was nearly fully functional in the 2 8 3
reporter assay whereas ONL-11GS showed a marked decrease in activity ( Figure 7A ). Viral replication or six (ONL-6A) alanines. ONL-9A displayed reduced function in the reporter assay but was surprisingly 2 8 7 functional for replication, whereas ONL-6A was poor in both assays ( Figure 7A , B), demonstrating that mutations are expected to be lethal are unlikely to evolve within regions that must simultaneously it apparently evolved relatively mutable interaction surfaces, such as the OD, to create genetic stability. The linker regions modulate Rev function and stability yet are even more mutable and as a result are 3 1 3 effectively segregated at the coding level, imposing few constraints on the other reading frames. Truncations of the N-and C-termini revealed that these regions greatly influence Rev protein stability, yet and/or stability of the protein in patient viral replication settings. Intriguingly, the CDMS data suggest a fitness advantage to C-terminal truncations and thus a possible 3 2 1 inhibitory role ( Figure 5A, B) . A recent study proposed that the Rev NES can be masked in the 3 2 2 cytoplasm, controlling Rev trafficking in and out of the nucleus [29] . We speculate that removing C-
terminal residues might decrease the masking and thereby promote export of viral RNAs to provide a 3 2 4 fitness advantage. Conversely, we observe that truncation of the C-terminus decreases protein stability,
The Rev C-terminus length varies considerably amongst HIV-1 isolates ( Figure S4 ). Apart from the most between residues 95 and 96; other isolates carry this insertion as well as a premature stop codon and 3 3 7 produce a truncated, 107-amino acid Rev. Insertion of the QSQGTET sequence reduces export activity 3 3 8
( Figure S4 ), further suggesting that a long C-terminus inhibits spread, although further studies will be 3 3 9 needed to reveal the exact mechanism and functional consequences of Rev C-terminus length.
The turn between the helices of Rev is highly mutable but does have certain requirements of length and required to determine the exact, and potentially novel, role of this interface and, more generally the turn
itself, in Rev function.
Similarly, our manipulation of the ONL uncovered that it does not tolerate replacements that increase its propensity for disorder, suggesting that it becomes structured during some step of export complex
formation. Since this stretch of residues can be replaced with alanines without significant loss of function, it appears that these residues do not form a specific interaction surface, but instead play a structural role, in which the specific sequence itself is unimportant as long as the region can adopt a presumably helical 3 5 3 structure. Negative-stain electron microscopy has shown that a Crm1 dimer binds to the Rev-RRE also fix NESs into a favorable orientation for this interaction, thereby improving the energetics of export 3 5 7 complex formation. To examine how a structured ONL might impact Rev-RRE-Crm1 complex formation, we re-visited previous models for Rev-RRE-Crm1 complex assembly [12] . Given the established plasticity in RRE 3 6 0 structure and the hydrophobic Rev interaction surfaces, we proposed earlier that these features allow Rev- three representative Rev hexamers using Rev 5-83 as described previously [12] and aligned the NES from nearly favorable configuration to associate with a Crm1 dimer ( Figure 8C , left and right panels); 3)
Different hexamer configurations can recruit Crm1 dimers using different combinations of Rev subunits ( Figure 8C ); and 4) In some hexamer configurations, more than one NES is positioned close to an NES-
binding groove in one of the Crm1 subunits ( Figure 8C , right panel). Given that the RRE enhances Rev orientations [47] [48] [49] . In this way, the structuring of the ONL may restrict the possible orientations of
Rev-RRE hexamers to a subset of export-competent configurations.
By our systematic analysis of each region of Rev, we conclude that every region of the protein influences 3 8 2 its function, structure, or stability, consistent with optimal usage of limited genetic information. In the
context of the viral genome and its overlapped reading frames, the virus is able to segregate essential retroviruses suggest that many key structural features -such as the key hydrophobic residues in the OD - shed light on these questions and reveal additional evolutionary constraints that shape Rev's robustness. Rev (Invitrogen mammalian expression vector) (or indicated amount) and 10 ng pcDNA4TO-Firefly luciferase (to monitor transfection efficiency) using Polyjet transfection reagent (SignaGen). We chose assays were carried out as described earlier [9, 12] . We wish to note that the replication kinetics of an infection at different times ( Figure S1 ). This is likely due differences in timing and abundance of Rev-
encoding messages from an endogenous rev locus and a rev-in-nef locus. were cloned into the nef locus of a NL4-3 proviral construct and viruses were generated as above. Three Tris-Cl pH 6.4, 140 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), containing protease GAPDH used as a loading control. modeling and changes in allele frequencies during viral competition assays, were used to display the were discounted from the analysis. Scholarship Council. This work was supported by NIH grant P50GM082250 to ADF. of Rev built using Rev crystal structures (residues 8-62 from PDBID: 3LPH; residues 76-83 from PDBID:
3NBZ; all other regions were built in PyMOL for visualization purposes). Also shown is the experimental images. B) Amino acid preferences for important Rev OD contact residues using CDMS fitness values 6 4 9
[9]. All residues display selection against polar/charged (C,S,T,Q,N,D, E, H, R, K) residues (and stop p24 pg/ml 
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